The effects of transcranial direct current stimulation on global/local attentional switching and feature processing were assessed. Direct current stimulation was applied to the left posterior parietal cortex in 14 healthy participants. A compound letter task was used to probe the feature processing and the switching of attention between global and local features. Results indicate that cathodal stimulation acutely degraded attentional switches during stimulation, and anodal stimulation persistently degraded local-to-global attentional switching for at least 20 min after stimulation. Direct current stimulation had no significant effects on global/local feature processing. These results support the functionality of left parietal cortex in attentional switch and represent the first successful modulation of global/local switching using exogenous brain stimulation.
Introduction
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation procedure, where direct electrical current, passed through a scalp electrode, temporarily modulates the activity of underlying cortical tissue. Depending on the polarization of the applied current, tDCS can increase or decrease cortical excitability: an anodal electrode on the scalp increases excitability, whereas a cathodal electrode produces the opposite effect [1, 2] . tDCS has been used to examine the functionality of cortical areas engaged in cognitive tasks, such as prefrontal cortex in working memory [3] , area V5/MT + in motion perception [4] , and motor cortex in motor learning [5] . We applied anodal and cathodal tDCS to the left posterior parietal cortex (PPC) to address the functionality of this area in global/local attentional switch.
The role of left PPC in global/local switching has been examined in neuroimaging and stimulation studies, although results are unclear. Functional magnetic resonance imaging has shown activations in the left parietal cortex in response to cued global/local targets, and an event-related potential study showed increased amplitudes over left PPC in response to target level switches [6, 7] . However, repetitive transcranial magnetic stimulation (rTMS) of left PPC has been unsuccessful in modulating global/local target switching [8] . We sought to determine whether tDCS applied to parietal cortex could modulate shifts in visual attention.
We used a global/local task that requires orienting of attention to different and sometimes conflicting levels of compound letter stimuli [9] . Participants were asked to attend to either the local or global features of the stimuli, while ignoring nonrelevant features. A target cue preceded some compound stimuli and indicated a global-to-local or local-to-global switch in attended features. The remaining stimuli were not preceded by a target cue. This allowed us to dissociate the effects of tDCS on cued attentional switching from global/local feature processing per se.
Methods

Participants
Twenty healthy, right-handed adults participated in this study. The experiment was approved by the local ethics committee and conducted with the understanding and written consent of participants in accordance with the Declaration of Helsinki.
Global/local task
The visual stimuli were four compound letters and two target cues (Fig. 1 ). The compound letters were 'global' letters ('H' or 'S') composed of smaller, 'local' letters ('H' or 'S'). Compound letter stimuli were either 'congruent' (identical global and local letters) or 'incongruent' (the global letter and the local letters differed. Target cues appeared every four to eight compound letter presentations and indicated that participants should respond to either the global feature (a capital 'G') or the local features (a capital 'L') of a compound letter (stimulus).
All stimuli were presented on a computer monitor located 150 cm away. The global letters (3.6 Â 2.11 visual angle), the local letters (0.46 Â 0.271), and target cues (1.5 Â1.11) were white figures on a black background.
The task began with a target cue presentation ('G' or 'L') for 80 ms. After a 1000-2000 ms interval, a sequence of four to eight compound letters were presented for 80 ms, each at interstimulus intervals ranging from 1200 to 1800 ms. Participants responded to the global or local feature ('H' or 'S') of each of these stimuli as instructed by the target cue by pressing one of two buttons on a response device. After this sequence, another target cue ('G' or 'L') was presented that indicated a response switch from local-to-global or global-to-local features, followed by another sequence of four to eight compound letters. Target cues only preceded switch trials. There were approximately 30 target cues and 150 compound stimuli presented. Task duration was approximately 5 min.
DC stimulation
DC electrical stimulation was applied at the scalp over the left PPC (P3 of the International 10-20 System). A 2.0 mA current was delivered for 20 min through a 5 Â 5 cm sponge electrode using a constant current stimulator (Phoresor PM850, Iomed, Salt Lake City, Utah, USA). The circuit was completed with either a 5 Â 5 cm or a 17.5 Â 9 cm sponge electrode placed on the outer arm below the right elbow. The parietal electrode was connected to the anode or cathode of the stimulator for anodal or cathodal stimulation. The anodal electrode placement was used during a sham condition; however, the current was increased from 0 to 2.0 mA for the first 20 s and then decreased from 2.0 to 0 mA 30 s later and remained off for the remainder of the sham epoch.
Procedure
Participants received anodal, cathodal, and sham stimulation in separate sessions 4 days apart. Stimulation order was counterbalanced across participants. Participants were not informed about the stimulation condition that they were receiving. Each session began with two practice runs of the global/local task. Approximately 40 min later, participants completed a baseline run ('Base') of the task. Immediately after the baseline run, tDCS (or sham) was applied for 20 min. Participants began another run ('During') of the task at 14 min of stimulation and received continuous tDCS (or sham) for the duration of this run. After 20 min of stimulation, the stimulator was turned off and participants completed another run ('Post0') of the global/local task. Participants rested for 15 min, and then completed a final run ('Post20'). Electroencephalographic (EEG) data were collected during the baseline and the two poststimulation runs. Results from EEG data analysis are not included in this study.
Data analysis
Behavioral data from runs Base, During, Post0, and Post20 were analyzed. To incorporate response time and accuracy into a single measure, the mean time to respond in milliseconds divided by the proportion of correct responses was the dependent variable [10] . For clarification, accuracies are reported for omnibus effects. To determine the effects of tDCS on global/local switching, analyses were performed only on compound letter presentations immediately after a switch target cue. To examine compound feature processing, a separate analysis was performed on trials that did not follow a target cue. Omnibus tests were repeated-measures multivariate analyses of variances (MANOVAs). Follow-up tests and planned comparisons between the two tDCS conditions and sham followed Dunnett's procedure for comparing multiple groups with a control [11] . Other comparisons followed Bonferroni's procedure.
Results
Six participants did not complete all conditions and were excluded from the analyses. Results from the remaining 14 participants (five women) are reported.
Global/local switch
There were approximately equal numbers of global-to-local and local-to-global switches per run (14-16 each). The MANOVA included time (Base, During, Post0, Post20), stimulation (anodal, cathodal, sham), and target orientation (global target switch, local target switch) as factors. There was a significant main effect of target orientation. Participants performed better on global switch trials compared with local switches [F(1,13) = 19.37; P = 0.001; means: global = 648.57, local = 715.74; accuracy: global = 88.6%, local = 86.4%]. Main effects for time, stimulation, and interactions were not significant (for all cases, P > 0.05). Analysis of baseline trials showed no significant main effects or interactions between anodal, cathodal, and sham conditions (for all cases, P > 0.1; Fig. 2 ). Baseline performances were then subtracted from During, Post0, and Post20 performances and comparisons were made for anodal versus sham (A vs. S) and cathodal versus sham (C vs. S) conditions. A versus S comparisons during stimulation (During) showed a marginally significant interaction between stimulation and target orientation [F(1,13) = 6.104; P = 0.028)]. A paired samples t-test showed that anodal tDCS significantly degraded global target switch performance compared with sham [t(13) = 2.523; P = 0.025; means: anodal = 9.67, sham = -159.65; Fig. 2 ]. There was no significant A versus S local switch difference (P > 0.6).
A versus S comparisons following stimulation (Post0 and Post20) showed no significant stimulation or stimulation Â target orientation interactions (for all cases, P > 0.09). However, paired samples t-tests showed marginally diminished global switch performance at Post0 [t(13) = 2.132; P = 0.053; means: anodal = 82.43, sham = -83.45] and significantly diminished global switch performance at Post20 [t(13) = 2.510; P = 0.026; means: anodal = 41.07, sham = -160.20] following anodal stimulation (Fig. 2) . A versus S local switch differences were not significant (for both cases, P > 0.5).
C versus S comparisons during stimulation (During)
showed a significant main effect of stimulation. Cathodal switch performance was significantly worse than sham [F(1,13) = 7.450; P = 0.017; means: cathodal = 44.10, sham = -64.69; Fig. 2 ]. The target orientation (global vs. local) Â stimulation interaction did not reach significance (P > 0.9). Thus, cathodal stimulation significantly affected target switching collapsed across global and local switch trials. C versus S comparisons after stimulation (Post0, Post20) showed no significant stimulation effects or interactions (for all cases, P > 0.1).
Global/local feature processing
A MANOVA of noncued trials included time (Base, During, Post0, Post20), stimulation (anodal, cathodal, sham), globality (global target stimuli, local target stimuli), and congruency (congruent stimuli, incongruent stimuli) as factors. There were significant main effects for globality [F(1,13) = 5.175; P = 0.041] and congruency [F(1,13) = 93.296; P < 0.001], consistent with other studies [9, 12] . Participants performed better on global than local trials (means: global = 482.44, local = 505.39; accuracy: global = 92.6%, local = 93.2%) and better on congruent than incongruent trials (means: congruent = 452.27, incongruent = 535.55; accuracy: congruent = 96.3%, incongruent = 89.6%). The main effect for time was also significant [F(3,11) = 5.903; P = 0.012], and a paired samples t-test showed significant improvement in performance between Base and Post20 [t(13) = 4.173; P = 0.001; means: Base = 512.68, Post20 = 479.55] indicating a practice effect. There was no significant effect of stimulation or stimulation interactions (for all cases, P > 0.1). Baseline trials showed no significant tDCS effects or interactions (P > 0.3). Additional A versus S and C versus S comparisons were made at the (baseline subtracted) During, Post0, and Post20 time points. Effects of stimulation and stimulation interactions were not significant (P > 0.2; P > 0.07 for all cases).
Discussion
The purpose of this study was to investigate the effects of parietal tDCS on global/local attentional switching. We applied tDCS to left PPC and assessed performance Attentional switching and tDCS Stone and Tesche 1117 using a global/local compound letter task. Some compound stimuli were preceded by a target cue indicating a global/local switch, whereas the remaining stimuli did not follow a cue. This allowed us to dissociate effects on cued target switching from global/local feature discrimination. We found that anodal stimulation degraded performance on trials requiring a switch from local-to-global targets, an effect that persisted up to 20 min after stimulation. Cathodal tDCS acutely degraded performance across cued switch trials during stimulation. There were no significant effects of tDCS on global/local feature discrimination.
We induced tDCS with an active electrode that covered regions of the left PPC including the superior parietal gyrus (SPG) and inferior parietal gyrus (IPG), and the intraparietal sulcus (IPS) [13] . Neuroimaging studies indicate that regions of the PPC are engaged by cued target orienting in global/local tasks. Weissman et al. [14] , report several left parietal foci activated by global/local cued attentional orienting, including the SPG and IPG, and this finding has been replicated across multiple studies [6, 15] . Our results affirm the functionality of these regions during global/local switch.
Recently, Qin and Han [8] investigated global/local switching by applying rTMS to the PPC. They stimulated left parietal area (P3), but failed to detect a significant effect of rTMS on target level switching. Their alternative finding may reflect differences in experimental design and stimuli. These researchers used compound letters that were comprised of target letters and distractors and assessed global/local switching by frequently changing the level at which the target letters were presented. This deviates from our design in that we present target switch cues that may engage separate preparatory control mechanisms. Qin and Han [8] suggest that one of the reasons they failed to achieve a significant result is that global/local attentional shifts are mediated in the temporal-parietal junction. However, the Qin and Han [8] paradigm may have confounded global/local switching and feature processing. In a functional magnetic resonance imaging study, it was found that cue-related activity resulted in cortical hemispheric differences in the IPS, whereas feature processing resulted in hemispheric differences in the IPG/superior temporal gyrus [15] . Furthermore, it is reported that bottom-up attentional shifts are mediated in the temporal-parietal junction, whereas top-down/cued shifts are mediated in the SPG [16] . Therefore, left PPC participation in attentional switch may depend on whether the switch involves bottom-up feature processing or topdown preparatory control processes.
We detected no significant tDCS effects on global/local feature discrimination. In contrast, global/local feature processing has been modulated by rTMS applied to left PPC [8, 10] . There are differences between TMS and tDCS, which may be relevant in this context (for a review, see Ref. [17] ). For example, tDCS is more effective in stimulating the crowns of proximal gyral cortex, whereas TMS mainly affects fissural cortex [17] . It may be that tDCS primarily stimulates the parietal gyri, whereas rTMS primarily affects the IPS leading to differential effects on target switching and feature processing.
Our results suggest complex modulations of global/ local switching from left parietal tDCS. Putatively, cortical hemispheric asymmetries exist in global and local processing: local feature processing is dominated by left hemisphere regions, whereas global features predominantly engage the right hemisphere [18, 19] . These asymmetries may also extend to global/local attentional shifts [20] . However, recent research suggests that integration from both hemispheres may be required to resolve the global features of compound stimuli [21, 22] .
Our results indicate that anodal stimulation disrupts local-to-global switching, consistent with facilitation of left hemisphere/local processing, whereas cathodal stimulation leads to general deficits in target switching, consistent with degradation of left hemisphere local and global processing. Neuroimaging and EEG measures may elucidate the effects of tDCS on intra and interhemispheric modulations in global/local switch.
Finally, there is the possibility that tDCS primarily modulated cortical or subcortical brain areas other than left PPC. We find this possibility unlikely for several reasons. tDCS selectively affected some aspects of attentional processing and not others. If the effect of tDCS was significant for visual perceptual regions and/or subcortical attention areas, then one would expect widespread changes in feature processing or attention. This was not the case. In addition, electrical current modeling studies suggest that tDCS has the greatest effect at or near the stimulating and reference electrodes [23, 24] . Thus, it seems likely that our manipulations of global/local switching resulted primarily from focal stimulation of left PPC.
Conclusion
To the best of our knowledge, this is the first successful manipulation of human attentional shift using tDCS. We found that left parietal tDCS is effective in disrupting attentional switching between the global and local features of compound stimuli. These results provide clear evidence for the functional role of left parietal cortex in global/local attentional shifts and underscore the efficacy of tDCS as a tool for exploring neurocognitive function.
